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alternative energy sources to fulfill this need [2]. In particular, Pressure Retarded Osmosis (PRO) is being 
investigated as a reliable and beneficial source of renewable energy, harvesting the osmotic differences between two 
fluids [3]. In a typical PRO process, water molecules spontaneously transport through a semi-permeable membrane 
from a low salinity stream (such as river water, brackish or waste water), at ambient pressure into a pressurized high 
salinity stream (seawater or brine), with the aid of the osmotic pressure gradient across the membrane. Ideally, the 
produced osmotic power is a product of the transmembrane pressure and water permeation rate, which is harvested 
in terms of electricity by feeding the pressurized stream to a hydro-turbine [4]. It has been estimated that the 
potentiel is in the order of 2000 TWh per year globally [5]. In 2009, Statkraft built the world’s first PRO osmotic 
power plant. According to Statkraft’s projection, the PRO technology will be profitable provided its power reaches 5 
W/m2 in industrial operation. [6] 
Laboratory experiments have already shown that PRO performance is affected by parameters such as the operating 
pressure ore the characteristics of the draw and feed. Many papers have studied deeply those parameters. However, 
most of the existing publications have focused on the study of PRO water flux and power density, with the impact of 
temperature less studied. However, in any osmotic membrane, the operating temperature affects the performance of 
the system, as it affects the membrane permeability, the reverse salt diffusion and some structural parameters.  
In our prior work, the effects of the temperature were investigated for a coupled Reverse Osmosis/ PRO system [7]. 
In the current work, the effects of the temperature of the feed solution and the draw solution, on the structural 
parameters of the membrane, the concentration polarization and the power density is studied using two types of 
membranes taking also into account the difference of temperatures between the two flows. Results provided by this 
study may give interesting perceptiveness into the PRO operating conditions and PRO membrane design. 
 
Nomenclature 
A           Water permeability coefficient. (m.s-1.kPa-1) 
B            Salt permeability coefficient. (m.s-1) 
CD,m Salt concentration of the feed stream. (g.l-1) 
CF,m Salt concentration on the membrane surface at the side of the feed.(g.l-1) 
CD,b Salt concentration of the feed stream. (g.l-1) 
CF,b Salt concentration on the membrane surface at the side of the feed. (g.l-1) 
dh Hydraulic diameter of the flow channel (m) 
DD          Diffusion coefficient of the draw solution (m2.s-1) 
DF Diffusion coefficient of the feed solution (m2.s-1) 
Ea,p            Activation energy of water permeation.(kJ.mol-1) 
Ea,s          Activation energy of salt permeation. (kJ.mol-1) 
Jw Water flux that crosses the membrane. (m/h) 
Js Salt flux that crosses the membrane. (m/h) 
k Mass transfer coefficient ( m.s-1) 
K Solute resistivity (s.m-1) 
ǻP Transmembrane Pressure. (bar) 
R  Gas constant. ((J.mol·1K-1) 
Re Reynolds number. (-) 
s structure parameter of the support layer.(m) 
Sc Schmidt number. (-) 
Sh Sherwood number. (-) 
T Temperature. (°C) 
W Power density. (W.m-2) 
Ʉ  Dynamic viscosity. (Pa.s) 
ʌD,m Osmotic pressure at the surface of the active layer. (bar) 
ʌF,m Osmotic pressure at the surface of the support layer. (bar) 
ʌD,b Osmotic pressure at the draw bulk. (bar)  
ʌF,b         Osmotic pressure at the feed bulk. (bar) 
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t Length of the support layer. (m) 
Ĳ tortuosity of the membrane. (-) 
İ porosity of the membrane. (-) 
ஜ van't Hoff coefficient. (-) 
 
2. Theory 
               2.1    Water flux and power density in PRO 
In an osmotically driven membrane process, the water permeation flux (Jw) across an ideal semipermeable thin 
film that allows water passage but rejects solute molecules or ions is related to the water permeability A, the 
effective osmotic pressure difference ǻʌm and the transmembrane hydraulic pressure difference ǻP as follows 
[8]:  
 
୵ ൌ ሺοɎ୫ െοሻ                                                                                                                                       (1) 
 
୵ ൌ ሺɎୈǡ୫ െɎ୊ǡ୫ െοሻ                                                                                                                           (2)   
            
where ʌD,m and  ʌF,m  are  the osmotic pressure at the surface of the active layer, and at the support layer, 
respectively ( see Figure 1). 
On the other hand, In this osmotically-driven processes, salts permeate across the membrane in the opposite 
direction of the water flux, from the draw solution into the feed solution. This reverse salt flux, Js, can be 
described as: 
 
ܬ௦ ൌ ܤሺܥ஽ǡ௠ െ ܥிǡ௠ሻ                                                                                                                                          (3) 
 
where B is the salt permeability coefficient of the membrane active layer and CD,m and CF,m are the solute 
concentrations at the interfaces of the active layer. A typical concentration profile through the membrane is 
shown in Figure 1. 
The specific salt flux in PRO, defined as the ratio of salt flux to water flux, Js/Jw, is affected by the intrinsic 
transport properties of the membranes, as follows [9]: 
 
௃ೞ
௃ೢ
ൌ  ஻
஺ఉோ்
ቀͳ ൅ ஺௱௉
௃ೢ
ቁ                                                        (4) 
 
where Js is the solute flux through the membrane, ȕ is the van't Hoff coefficient, R is the universal gas constant, 
and T is the absolute temperature. 
The mass transport of salt in the membrane support, and in each of the boundary layers, will equal the sum of 
the convective salt transport and the diffusive salt transport due to the gradient in salt concentration. Hence, the 
transport of salt can be described by [10]: 
 
ୈக
த
ௗ஼ሺ௫ሻ
ௗ௫
െ ୵ሺݔሻ ൌ ܬ௦                                                      (5) 
 
Where C (x) is the salt concentration at position x, D is the diffusion coefficient, İ is the porosity, and Ĳ is the 
tortuosity of the support layer. 
Thus, at steady state, the salt flux follows the relation below: 
 
݀ܥǤ ଵ
஼ା ಳ಻ೢ
ൈο஼
ൌ  ௃ೢವഄ
ഓ
݀ݔ                                                (6)        
 
Integration of equation (11) over the the support layer using that:  
at x= 0 C = CF,m   and  at x=t   C= CF,b  gives: 
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ܥ஽ǡ௠ െ ܥிǡ௠ ൌ
஼ವǡ್ ୣ୶୮ቀ
ష಻ೢ
ೖ ቁି஼ಷǡ೘ୣ୶୮ሺ௃ೢ௄ሻ
ଵା ಳ಻ೢ
ሾ௘௫௣ሺ௃ೢ௄ሻିଵሿ
                                                                                            (7)   
The mass transfer coefficient (k) in the draw solution is calculated using: 
 
݇ ൌ ௌ௛஽ವ
ௗ೓
                                                                                                          (8) 
 
where DD is the diffusion coefficient of the solute in the draw solution, dh is the hydraulic diameter of the flow 
channel, and Sh is the Sherwood number which is determined using the correlation under a turbulent flow 
condition:   
 
݄ܵ ൌ ͲǤʹܴ݁଴Ǥହ଻ܵܿ଴Ǥସ଴                   (9) 
 
Where Re is the Reynolds number and Sc is the Schmidt number [11] that depend also on the operating 
temperature.  
The solute resistivity for diffusion within the porous support layer (K) is defined by: 
 
ܭ ൌ  ௧ఛ
ఌ஽ಷ
ൌ  ௦
஽
                                                                     (10)   
 
where DF is the diffusion coefficient of the feed solution, t, Ĳ, and İ are the thickness, tortuosity and porosity of 
the support layer, respectively, and s is defined as the structure parameter of the support layer. 
Assuming that the osmotic pressures depend on the temperature followingߨ ൌ ߚܥܴܶ, we conclude that: 
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As the power density in PRO is the product of the water flux through the membrane and the hydraulic pressure 
differential across the membrane, 
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ǻ                              ǻʌm
                             Js 
       0 
 
Fig.1: Concentration profile over the membrane, direction Jw of the water flux and the salt flux Js are also 
shown. 
 
CD,b 
CF,b
CD,m
ʌD,m 
t 
Jw 
CF,m     
ʌF,m
X 
support layer 
active layer 
Fe
ed
 w
at
er
 st
re
am
 
D
ra
w
 w
at
er
 st
re
am
 
964   Khaled Touati et al. /  Energy Procedia  50 ( 2014 )  960 – 969 
Cer
vel
vis
 
Tw
(Hy
Int
com
 
Th
the
of 
fee
wa
con
the
wa
 
Tab
con
TF 
 
Ba
F
w
b
Sa
w
bu
3. Material
3.1 Solu
tified ACS-g
ocities were
cosities, and 
3.2 Mem
o flat-sheet c
dration Tech
erfacial Engin
mercially av
3.3 PRO
e test unit ha
 membrane. T
18cm2. Mesh
d stream. The
s used to re
tainer. Each 
rmostatic bat
ter in the grad
le1: characte
centration of
(°C) TD (
20 2
30 3
40 4
60 6
Balance 2 
lance1 
resh 
ater 
ulk 
lt 
ater 
lk 
s and method
tion chemistr
rade NaCl (
 obtained fr
diffusion coe
branes 
ellulose aceta
nology Inno
eering and B
ailable semi-
 bench-scale
d a channel o
he channel w
 spacers plac
 feed solutio
circulate the 
container wa
h for each bu
uated contain
ristics of the 
 the draw sol
°C) DF (
0 3,8
0 4,9
0 6,2
0 9,2
P
P
s 
ies 
Fisher Scien
om provide
fficients of so
te membrane
vations, Alb
iotechnology
permeable m
 
n the feed si
as 40mm lo
ed in the feed
n was contain
feed solutio
s placed on 
lk. The flux t
er. The cond
draw solution
ution is 60g.l
m2.s-1) D
0.10-9 
3.10-9 
3.10-9 
6.10-9 
Fig.2: Sche
ump 1 
ump 2 
tific) was us
d Labview
lutions were 
s were used 
any, OR) and
. The physic
embranes.  
de of the mem
ng, 25mm w
 channel sup
ed in a 5 lite
n at differen
an analytical
hrough the m
uctivities of 
 and the feed
-1 and the con
D (m2.s-1) 
3,56.10-9 
4,78.10-9 
5,92.10-9 
8,53.10-9 
matic of labo
Memb
PC 
ed to prepar
software. Op
calculated an
in the experim
 IGB memb
al characteri
brane to all
ide, and 2.5m
ported the m
rs reservoir. A
t velocities. 
 balance. Te
embrane was
permeate and
 solution at d
centration of
ȘF (Pa.s) 
1,02.10-3 
7,89.10-4 
6,53.10-4 
4,67.10-4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ratory-scale P
 
rane cell 
e both feed 
erating tem
d are shown 
ents: Comm
rane develop
stics of IGB 
ow the feed 
m deep; it h
embrane and 
 high-pressu
The permea
mperature wa
 calculated ba
 retentate we
ifferent oper
 the feed solu
ȘD (Pa.s) 
1,07.10-3 
8,23.10-4 
6,87.10-4 
5,07.10-4 
RO system
Sa
wa
ret
Fre
wat
rete
Labview 
and draw so
peratures, O
in Table 1. 
ercial FO me
ed by Fraunh
membrane ar
solution to fl
ad an effectiv
enhanced the
re positive d
te was colle
s maintained
sed on the ch
re recorded, (
ating tempera
tion is around
ʌD,b (bar) 
45,4 
46,9 
48,5 
51,6 
lt 
ter 
entate 
sh 
er 
ntate 
Balance 
Balance 
lution. Mass
smotic press
mbrane (CA)
ofer Institut
e similar to 
ow tangentia
e membrane
 turbulence i
isplacement p
cted in a 5 
 constant us
ange of weig
see Figure 2)
ture. The 
 0g.l-1. 
ʌF,b(bar) 
0,38 
0,39 
0,40 
0,43 
4 
3 
 and 
ures, 
 HTI 
e for 
other 
lly to 
 area 
n the 
ump 
liters 
ing a 
ht of 
. 
 Khaled Touati et al. /  Energy Procedia  50 ( 2014 )  960 – 969 965
4. PRO experimental results 
4.1 Study of  membrane coefficients (A and B) 
 
The water permeability coefficient A and the salt permeability coefficient B can be described by Arrhenius 
equations: [12] 
ܣ ൌ ܣ௥௘௙݁ݔ݌ቌ
ିாೌǡ೛
ோቆ భ೅ಷ
ି భ೅ೝ೐೑
ቇ
ቍ          (13)    ܤ ൌ ܤ௥௘௙݁ݔ݌ቌ
ିாೌǡೞ
ோቆ భ೅ವ
ି భ೅ೝ೐೑
ቇ
ቍ         (14)          
                        
where Aref is the  water permeability coefficient at the reference temperature Tref, Bref is the salt permeability 
coefficient at Tref, Ea,p and Ea,s are, respectively, the activation energies of water permeation and salt permeation 
at Tref, TD and TF are the temperature of the draw  and feed water bulks, respectively.  
Equations 13 and 14 show that A and B depend on the operating temperature. We assumed that A depends only 
on the temperature of the feed water and B depends only on salt water side (thermal interferences were 
considered negligible). 
Results of the test performed to determine A and B for two membranes (IGB and HTI) are illustrated in Figs. 3 
and 4. The temperatures of both side of the membrane were maintained equal (i.e., TF=TD=T); the fluxes of the 
draw solution and the feed solution were also equal to 50ml.mn-1. The transmembrane pressure ǻP was fixed to 
8 bars (value corresponding to the maximum value of power density). A was obtained by rearrangement of 
equation 11: 
 
ܣ ൌ  ି௃ೢ
ఉோ்ሾ௘௫௣ሺ௃ೢ௄ሻିଵሿ
಻ೞ
಻ೢ
ିగಷǡ್ୣ୶୮ሺି௃ೢȀ௞ሻ
                                          (15)    
    
B was calculated using experimental results by rearrangement of equation 4: 
 
ܤ ൌ
஺ఉோ் ಻ೞ಻ೢ
ଵାಲοು಻ೢ
                 (16)      
 
 
Fig.3: variation of the water permeability coefficient A with the temperature. + IGB, כHTI. 
 
 
Fig.4: variation of the salt permeability coefficient B with the temperature. ˈ IGB membrane, זHTI membrane. 
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It can be seen in figure 3 that the permeability of the IGB membrane is clearly higher than the permeability of 
HTI membrane in all the temperature range. However the effect of the temperature in the HTI membrane is more 
significant: it doubles from 20 to 60°C; for the IGB membrane, the permeability increases around 50% only, due 
to the structure of the membrane and the characteristics of the polymer.   
As for B, Fig. 4 shows that B is bigger in the IGB membrane. Also, Fig. 4 shows that rising the temperature 
decreases the salt permeability coefficient for IGB membrane. On the other hand, B increases with the increase 
of the temperature for HTI membrane until 40°C then starts to decrease progressively. This result can be 
justified by the fact that the effect of the temperature in the salt flux Js still not significant and negligible for low 
values of the temperature compared to the water flux Jw. 
 
4.2 Study of the structure parameter s 
 
The structure parameter governs the internal concentration polarization in osmotically driven membrane 
processes, os it is an important parameter to provide guidance for membrane fabrication. s is described using 
equation 10. In many published papers, the structure parameter s is considered as a constant. In fact, s takes 
different values depending on operating conditions (Temperature, Pressure, etc). A generalized equation 
describing the structure parameter is shown below by rearrangement of Jw in equation (11): 
 
ܵ ൌ ஽ಷ
௃ೢ
݈݊ ቌ
௃ೢା஻ା஺ቆο௉ା
ಳοು
಻ೢ
ାగವǡ್ா௫௣
ቀష಻ೢ ೖൗ ቁቇ
௃ೢା஻ା஺ቀο௉ା
ಳοು
಻ೢ
ାగಷǡ್ቁ
ቍ                         (17) 
 
The structure parameter was studied in different values of temperature and the results are shown in figure 5. 
Rising the temperature causes a dilatation of the polymer which constitutes the surface of the membrane: it 
becomes softer, then, the action of the pressure takes place by exerting a tangential force on the soft surface, so 
that the value of the structure parameter decreases with the increasing of the temperature. Thus, the decrease of 
parameter s is due to a mutual and simultaneous action of two parameters, the temperature and the pressure. 
The same behavior should be found with the increase of the pressure (only) [13]. In fact, the polymer network 
may expand due to high pressure, resulting in better connectivity and thus less tortuosity in the sponge-like 
structure. However the simultaneous action of the temperature and the pressure is more important. 
 
 
Fig.5: variation of the structure parameter s with the temperature.   IGB membrane, זHTI membrane. 
 
 
4.3 Study of the power density 
4.3.1  Case 1: TF = TD 
 
The power density was measured for each membrane (IGB and HTI) under the same conditions in a range of 
temperature between 15°C to 60 °C with TF = TD. The fluxes of the draw solution and the feed solution were 
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also equal to 50ml.mn-1. The transmembrane pressure ǻP was fixed to 8 bars. 
 
As showed in Figure 6, rising the operating temperature leads to increasing the power density. Between 15°C to 
50 °C, the value of the power density is almost doubled. Moreover, it could be seen that the IGB membrane 
presents a better performance than the HTI membrane. This result was due to the remarkable difference in water 
flux between the two types of membranes. However, IGB membrane performance is reduced by the high salt 
flux comparing to HTI membrane, which can contribute to the rise the effect of polarization concentration and 
reduce the effective difference of osmotic pressure. 
 
 
Fig.6: variation of the power density with the temperature. ǻ IGB membrane, כHTI membrane. 
 
 
4.3.2 Case 2: TF ് TD 
 
In this section, the power density was measured for different values of temperature in each side of the 
membrane. For IGB and HTI membranes, transmembrane pressure ǻP was fixed to 8 bars. Table 2 resumes the 
different experiments that were adopted for this study. 
 
Table 2: different cases of bulks temperature 
Scenario 1 Scenario 2 
x Case 1: TD fixed to 60 °C, TF is 
variable between 15°C to 60°C. 
x Case 2: TD fixed to 40°C, TF is 
variable between 15°C to 60°C. 
x Case 3: TD fixed to 25°C, TF is 
variable between 15°C to 60°C. 
x Case 1: TF fixed to 60 °C, TD is 
variable between 15°C to 60°C. 
x Case 2: TF fixed to 40 °C, TD is 
variable between 15°C to 60°C. 
x Case 3: TF fixed to 25 °C, TD is 
variable between 15°C to 60°C. 
 
Figures 7-a and 7-c show the impact of the draw solution temperature on the recovered energy. In fact, when the 
temperature of the draw bulk increases, the PRO performance improves, due to the variation of several 
parameters which are influenced by TD, such as diffusivity permeability and solute resistivity. The temperature 
jump of TD from 25°C to 60°C produces only around 0.33W/m2 of additional power density for HTI membrane 
and 0.74 W/m2 for IGB membrane. 
Contrary to TD, figures 7-b and 7-d reveals the strong effect of the feed solution temperature on the power 
density. The impact of TF is significant for low and high values of TD. The temperature increase of TF from 25°C 
to 60°C produce an improvement of power produced equal to 1.07 W/m2 for the HTI membrane and 1.8 W/m2 
for the IGB membrane. This result could be explained by the fact that the water flux, the water permeability and 
the mass transfer coefficient are strongly affected by the temperature TF, and, as shown in equation (12), the 
energy is directly proportional to the water flux, so by increasing the temperature of the feed side, the water flux 
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increases and consequently the power recovered is higher. 
 
 
Fig.7-a: impact of TD on the power density, membrane HTI.      TD= 60°C,      TD=40°C,      TD=25°C 
 
 
Fig.7-b: impact of TF on the power density, membrane HTI.      TF=60°C,     TF=40°C, TF=25°C 
 
 
Fig.7-c: impact of TD on the power density, membrane IGB.  ǻ TD= 60°C,       TD=40°C,     TD=25°C 
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Fig.7-d: impact of TF on the power density, membrane IGB.ǻ TF=60°C,      TF=40°C,  TF=25°C 
 
5. Conclusion 
The effects of feed and draw solution temperatures on PRO performance were investigated in this study. The 
effect of the operating temperature on some structural parameters was also investigated. The results show that the 
increase of the operating temperature leads to the improvement of PRO performance. The temperature of feed 
solution presents the highest impact on PRO performance comparing to the temperature of the draw solution.  
Results may furnish important insight into the PRO operation and PRO membrane design. 
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